Abstract: Increased irrigated production of potato (Solanum tuberosum L.), dry bean (Phaseolus vulgaris L.), and sugar beet (Beta vulgaris L.) in southern Alberta in the 1990s prompted a 12 yr (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011) study to evaluate conservation (CONS) management practices for these crops in 3-6 yr rotations. Conservation management included reduced tillage, cover crops, compost, and narrow-row dry bean. After 12 yr, soil organic carbon (SOC) at 0-30 cm depth increased by 0.48 Mg ha −1 yr −1 on a 5 yr CONS rotation, in line with average cumulative compost addition of 154 Mg ha −1 . In contrast, SOC stocks on a 3 yr conventional (CONV) rotation, which did not receive compost, declined by 0.25 Mg ha −1 yr −1 . Nitrate-N did not accumulate in the soil profile under CONS management, as it was largely influenced by previous crop. In contrast, available P increased with compost addition under CONS management, leading to surface buildup and downward movement in the soil profile. At 0-120 cm depth, the CONS rotations showed 26%-53% higher available P than CONV rotations between 2005 and 2011. Apart from a caveat regarding potential P accrual, the CONS management package in this study was validated as soil building for irrigated cropping systems in southern Alberta.
Introduction
Irrigated agriculture has been an integral part of the economic and social fabric of southern Alberta since the early 1900s. Although irrigation encourages crop diversification and value-added processing, it is also recognized as a large consumptive user of water, placing a high demand on the limited water resources available in southern Canadian prairie river basins. Although the irrigation sector has made significant gains in water use efficiency (Bennett et al. 2015) , challenges persist as the sector continues to increase productivity from a finite resource. One specific challenge is maintenance of soil quality on irrigated land. Typical irrigated row crops (e.g., potato, sugar beet, and dry bean) produce less residue (compared with forages or cereals) for return to the soil, which may compromise soil organic carbon (SOC) if rotations include a higher frequency of row crops. A further issue is that potato and sugar beet rely on intensive seedbed preparation and being root crops, a large degree of soil disturbance at harvest. As such, wind erosion (Coen et al. 2004) and to a lesser extent water erosion, represent risks to soil quality on irrigated land.
These concerns prompted the establishment of a rotation study in 2000 with a focus on conservation (CONS) management and maintenance of soil quality on irrigated land. The rotations included potato, sugar beet, dry bean, and soft white spring wheat (Triticum aestivum L.), as well as timothy (Phleum pratense L.) and oat (Avena sativa L.) in the longest 6 yr rotation. Four CONS management practices were selected, and crop sequences within rotations decided in consultation with agricultural organizations representing potato, sugar beet, and dry bean growers in Alberta. The CONS rotations were built around four specific management practices applied as a package: (1) zero or reduced tillage where possible in the rotation; (2) fall-seeded cover crops; (3) partial replacement of fertilizer N and P with composted cattle manure; and (4) narrow-row dry bean. Rationales for selecting these practices follow.
By the late 1990s, zero or reduced tillage had been widely adopted in dryland rotations on the Canadian prairies, leading to increased SOC and reduced erosion risk (Larney et al. 1994 ). However, adoption on irrigated land was limited, as potato and sugar beet respond to intensively worked seedbeds, and being root crops, harvesting causes major soil disturbance. However, reduction in tillage was feasible for dry bean, wheat, or forages grown in CONS rotations with potato or sugar beet.
Cover crops are important components of conservation cropping systems (Delgado et al. 2007) , providing surface cover during the vulnerable wind erosion period, which can extend from potato harvest (mid-September) to dry bean seeding (mid-May). They also act as a source of soil fertility, suppress weeds and pests (Moyer and Blackshaw 2009) , and scavenge soil NO 3 -N remaining after harvest, reducing the risk of leaching to groundwater (Weinert et al. 2002) .
Composting had emerged in the 1990s as an alternative handling practice for the large volumes of manure produced by the beef cattle feedlot industry in southern Alberta . Growers were interested in compost's potential for replenishing SOC, partially substituting for N and P fertilizer inputs, and improving soil physical properties such as water retention, aggregate stability, and infiltration. There was also evidence that compost addition may suppress potato diseases (Conn and Lazarovits 1999) .
Also by the late 1990s, solid-seeded narrow-row dry bean production was becoming an option on the Canadian prairies (Shirtliffe and Johnston 2002) as plant breeders selected for upright growth, early maturity, and improved pod clearance traits. Solid-seeded dry bean is planted with conventional grain drills in narrow rows (17.5-40 cm), thereby dispensing with interrow cultivation and hence reducing tillage intensity (Blackshaw et al. 2007) . At harvest, they can be swathed or direct combined, which leaves standing stubble in narrow rows, and hence some protection against wind erosion, instead of undercut like conventional wide-row dry bean, which leaves loose unanchored stubble and increases wind erosion risk. Lal and Stewart (1992) discussed the concepts of "soilbuilding" and "soil-degrading" practices in the context of sustainable soil management. Understanding the impact of management practices on soil quality changes, be they soil building or soil degrading, will help to assist growers in determining the best management practices. The specific objective of this paper was to look at changes in soil properties as the study evolved over 12 yr, starting with baseline samples (fall 1999), before treatments were imposed, through samples taken every 3 yr (fall 2002, 2005, and 2008) to the end of the study (fall 2011). Li et al. (2015) compared surface (0-7.5 cm) soil quality attributes on a subset of treatments (wheat or oat phases only, i.e., 28 plots) at the end of the study (fall 2011). After 12 yr, particulate organic matter carbon (POM-C) and particulate organic matter nitrogen (POM-N) showed >145% increases (POM-C, 2.2-5.8 Mg ha Aggregate stability of the prewet >1 mm fraction increased significantly, from 13% under CONV to 21% under CONS management. Unlike Li et al. (2015) , all phases of each rotation were sampled, and deeper depth increments were examined.
Materials and Methods

Treatments and experimental design
The study was conducted at the Vauxhall Sub-station of Agriculture and Agri-Food Canada, in the Bow River Irrigation District of southern Alberta, on an Orthic Brown Chernozemic sandy loam. The site has a 30 yr normal mean annual precipitation of 303 mm and mean annual air temperature of 5.7°C. The entire plot area was planted to barley (Hordeum vulgare L.) in 1999. Seven rotations were established in spring 2000 (Table 1) : continuous wheat (1-CONT), two 3 yr (3-CONV, 3-CONS) and two 4 yr (4-CONV, 4-CONS) rotations, one 5 yr (5-CONS), and one 6 yr (6-CONS) rotation. Similar crop sequences appeared in the 3-CONV and 3-CONS rotations (potato-dry bean-wheat). The 4-CONV and 4-CONS rotations added sugar beet, that is only contracted in ≥4 yr rotations to control sugar beet cyst nematode (Heterodera schachtii Schmidt), and also had similar sequences (wheat-sugar beet-dry bean-potato). The 5-CONS rotation was set up to include 2 yr of wheat interspersed with the three row crops (potatowheat-sugar beet-wheat-dry bean). In the 6-CONS rotation, oat replaced wheat in the cereal phase to allow early harvesting as silage in July and timely planting of timothy in late August. Timothy was retained for 2 yr from planting to stand termination, and followed by the three row crops (oat-timothy-timothy-sugar beetdry bean-potato). Wheat replaced first year timothy in 2000 and second year timothy in 2000-2001 because it was not feasible to plant timothy before the experiment started, to provide these timothy phases (Table 1) .
Each phase of each rotation appeared in each year, resulting in 26 rotation phases (Table 1) in a randomized complete block design with four replicates. With each rotation phase present each year, the number of plots assigned to each rotation increased with rotation length: 4 plots for 1-CONT; 12 each for 3-CONV and 3-CONS; 16 each for 4-CONV and 4-CONS; 20 for 5-CONS; and 24 for 6-CONS for a total of 104 plots. Individual plot dimensions were 10.1 m × 18.3 m with a 2.1 m wide buffer between plots. At the end of the 2011 growing season (12 yr), the 3 yr rotations had completed four cycles; the 4 yr rotations, three cycles; the 5 yr rotation, 2.4 cycles; and the 6 yr rotation, two cycles (Table 1) .
Conservation management practices
The four CONS management practices on the CONS rotations (reduced tillage, cover crops, compost addition, and narrow-row dry bean) were outlined by Li et al. (2015) , and specifically as they related to dry bean , potato (Larney et al. 2016b) , and sugar beet (Larney et al. 2016a ). The CONV rotations received none of these four practices.
Tillage intensity was reduced under CONS vs. CONV management, particularly for dry bean and potato, and less so for wheat and sugar beet. For example, there was no spring tillage ahead of narrow-row dry bean on CONS rotations that were direct seeded into cover crop residue desiccated with glyphosate 7-10 d prior (3-CONS), shredded wheat stubble (5-CONS), or undisturbed soil (4-CONS, 6-CONS). In contrast, wide-row dry bean on 3-or 4-CONV received one to two passes of a spring-tine harrow. In the fall preceding potato (Table 1) , the 3-and 4-CONV rotations were mouldboard ploughed to 25 cm depth. The 3-CONS rotation received one pass of a chisel plow + packers or disc harrow, whereas one pass of a Dammer Diker® (AG Engineering & Development Co. Inc., Kennewick, WA), a reservoir tillage implement, was used on 4-, 5-, and 6-CONS. Fall tillage prior to wheat was usually two passes of a disk harrow or heavy-duty cultivator on CONV vs. one pass on CONS rotations. On the 6-CONS rotation where timothy preceded sugar beet, fall moldboard plowing (to 25 cm depth) followed by one pass of a disk harrow was the only practical tillage option (commencing in fall 2002, Table 1 ), to prevent remnants of timothy sod from interfering with subsequent sugar beet planting in spring.
Fall-seeded cover crops were used at five entry points (Table 1) in CONS rotations: two entry points in 3-CONS (between potato and dry bean; between dry bean and wheat), and one each in 4-and 5-CONS (between potato and wheat), and 6-CONS (between potato and oat). From 2000 to 2002, two cover crops were used: oat at four entry points (3-CONS, between dry bean and wheat; and 4-, 5-, and 6-CONS) to provide fall cover which then winterkilled to avoid seeding problems in spring, and fall rye (Secale cereale L.) at one entry point (3-CONS, between potato and dry bean) which did not winterkill, and when successfully established in fall, regrew to provide surface cover and reduced wind erosion risk in the vulnerable March-April period. However, performance of the oat cover crop was suboptimal (low to nonexistent cover), and it was replaced by fall rye, which was used at all five entry points from fall 2003 onward. The 3-CONS rotation had the greatest proportion of fall-seeded cover crops (7-8 of 12 yr dependent on starting phase, Table 1 ) with lesser proportions in 4-and 5-CONS (2-3 of 12 yr), and 6-CONS (1-2 of 12 yr). Larney et al. (2017) provided details of fall rye planting dates and biomass yields. Fall rye was chemically desiccated in spring and either left on the soil surface (3-CONS, between potato and dry bean) or soil incorporated during spring tillage (remaining four entry points, Table 1 ).
Compost produced from straw-bedded beef cattle feedlot manure, as outlined by Larney et al. (2008b) , was sourced from the same feedlot each year and fall applied (except in 2003, when it was postponed to 13 Apr. 2004 due to wet soil conditions) at five entry points on the CONS rotations only (Table 1) . Fall application date ranged from 22 Sept. to 12 Nov. with an average (n = 10) date of 28 Oct. Compost was not applied annually, rather in larger doses at less frequent intervals to supply the bulk of crop P requirements for a 2-3 yr period. Four of the five compost entry points occurred prior to potato: 42 Mg ha −1 (fresh wt.) between dry bean and potato on the 4-, 5-, and 6-CONS rotations, and 28 Mg ha −1 (fresh wt., except 42 Mg ha −1 on starting phase 3 in 2000, Table 1 ) between wheat and potato on the shorter 3-CONS rotation. This lower rate was also applied at a second entry point in the 5-CONS rotation (between Each fall, compost was sampled from the spreader on individual plots. Water content was determined on ∼0.5 kg of compost oven-dried at 60°C for 5 d. Ovendried subsamples were coarse ground (<2 mm) and finely ground (<150 μm). Total carbon (TC) and total nitrogen (TN) were determined on finely ground material by flash combustion in an elemental analyzer (NA-1500, CE Instruments, Milan, Italy), and total phosphorus (TP) colorimetrically on coarse-ground material after wet digestion. Compost had average concentrations (dry wt. basis ± SE, n = 11) of 182 ± 14 g kg −1 TC, 15.4 ± 1.0 g kg −1 TN, and 5.4 ± 0.4 g kg −1 TP, and an average C:N ratio of 11.8 (±0.6) : 1. Using dry weights of compost applied and C, N, and P concentrations, the mass of TC, TN, and TP applied in the form of compost was calculated for each plot. The fourth conservation management practice was specific to dry bean. The CONV rotations were seeded in wide rows (60 cm) with a custom small plot disc drill and CONS rotations in narrow rows (19-23 cm) with a no-till disc drill (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) or hoe drill (2011). Only wide-row dry bean on CONV rotations was interrow cultivated in June for weed control except in 2010-2011 when herbicides provided adequate control. Harvest of wide-row dry bean involved undercutting, causing soil disturbance, and pickup with a plot combine. Narrowrow dry bean were direct cut with a plot combine or hand harvested causing no soil disturbance.
Fertilizer inputs
Fertilizers used in the study included N (as ammonium nitrate, 34-0-0), P (as triple superphosphate, 0-45-0), and K (as muriate of potash, 0-0-60). Rates of P are expressed as P 2 O 5 , and K as K 2 O. Although the sale of ammonium nitrate was restricted in 2008, as a public safety measure, enough was securely stored for use until the end of the study.
In the first 2 yr (2000) (2001) , potato was fertilized in spring. However, in keeping with commercial grower practice, fall fertilizing started in fall 2001. The CONV rotations received 134 kg ha −1 N and 67 kg ha
Because four of the five compost entry points on the CONS rotations occurred in the fall prior to potato, credit was taken for N and P applied in compost. Fertilizer N was reduced to 62 kg ha −1 on 3-CONS that received 28 Mg ha −1 of compost, or to 37 kg ha −1 on 4-, 5-, 6-CONS that received 42 Mg ha −1 of compost.
Fertilizer P was not applied to potato on 4-, 5-, and 6-CONS that received the higher compost rate (42 Mg ha −1 ), whereas 28 kg ha ). Potato was the only crop that received K fertilizer, at a rate of 67 kg ha was discontinued due to adequate soil test P.
Crop management
Herbicides, insecticides, and fungicides were used as required for adequate weed, insect, and disease control, with details provided by Larney et al. (2015 Larney et al. ( , 2016a Larney et al. ( , 2016b . All crops were irrigated using a wheel-move system to maintain soil water content at ≥50% field capacity. Plots could be individually irrigated using four quarter-circle sprinklers. Mean annual irrigation amounts (n = 12) were 421 mm for potato, 333 mm for dry bean, 440 mm for sugar beet, 325 mm for wheat, 145 mm for oat, and 444 mm for timothy. Each fall, mature crops were harvested for yield and quality assessment as reported by Larney et al. (2015 Larney et al. ( , 2016a Larney et al. ( , 2016b . Oat on 6-CONS was harvested as silage in July, and timothy on 6-CONS was harvested in first (late June to mid-July) and second (September to early October) cuts. For baseline sampling in 1999, one narrow core (29 mm diam.) to 60 cm depth and one wide core (67 mm diam.) to 15 cm depth was taken from the centre of each plot. The narrow core was divided into 0-7.5, 7.5-15, 15-30, and 30-60 cm depth increments whereas the wide core was split into 0-7.5 and 7.5-15 cm depths increments. Narrow and wide cores were pooled by depth (0-7.5 and 7.5-15 cm) to provide one sample for each increment. All further sampling was done with wide (67 mm diam.) cores. In 2002, cores were taken to 30 cm depth at three locations (one-quarter-, half-, and three-quarter-way points) on a transect at the centre long axis of the plots. Cores were split into 0-7.5, 7.5-15, and 15-30 cm depth increments, and the three locations pooled to form one composite sample for each depth increment. At the half-way location, one 30-60 cm depth core was also taken. In 2005, cores were taken to 120 cm depth at three locations on a transect similar to 2002. Deeper increments were added to monitor NO 3 -N leaching as the study progressed. Each core was split into 0-7. 5, 7.5-15, 15-30, 30-60, 60-90, and 90-120 . Air-dried soils were coarse ground (<2 mm) and a subsample fine ground (<150 μm) on a roller mill for TC and TN determination in an elemental analyzer (CE Instruments, Milan, Italy). Inorganic C was measured by the method of Amundson et al. (1988) and SOC estimated as TC -inorganic C. Nitrate-N was extracted using 2 mol L −1 KCl and determined colorimetrically on an AutoAnalyzer II (Technicon Instruments Coro, Tarrytown, NY). Available phosphorus (AP) was determined colorimetrically on a modified Kelowna extract (Ashworth and Mrazek 1995) . Using soil bulk density data and SOC, NO 3 -N, and AP concentrations, nutrient stocks were estimated on an equivalent mass basis, similar to Ellert and Bettany (1995) . pH and EC were determined (1999 excepted) on a 2:1 deionized water : soil extract (60 mL of water : 30 g of soil, shaken for 1 h) and read on a pH-conductivity meter calibrated with 0.1 mol L −1 KCl.
Statistical analyses
All data were tested for outliers (PROC UNIVARIATE) prior to analysis with PROC MIXED (SAS Institute Inc. 2010) with rotation as a variable. Orthogonal contrasts compared overall management effects: CONV (average of 3-and 4-CONV) vs. CONS (average of 3-, 4-, 5-, and 6-CONS). For the 1999 baseline soil samples, the analysis was conducted as if the rotation treatments were in place, to provide a measure of soil uniformity on the experimental site. The analysis (1999 excepted) was also conducted with previous crop (dry bean, potato, sugar beet, wheat, timothy, and oat) as a variable (i.e., across all rotations). The UNIVARIATE procedure indicated that soil EC did not conform to a normal distribution, and these data were therefore log e (x)-transformed before analysis.
Results and Discussion
Soil organic carbon
Baseline SOC stocks in 1999 were not affected by intended rotation treatments (Table 2) , as would be expected, when treatments were not yet in place. This demonstrated the uniformity of the experimental site. As early as 3 yr into the study (fall 2002), significant rotation effects on SOC became apparent at 0-7.5 and 7.5-15 cm depths. The 5-CONS rotation was significantly higher than the 3-CONS (11.9 vs. 10.4 Mg ha −1 ) and both CONV rotations (9.6-9.7 Mg ha −1 ) at 0-7.5 cm depth, and significantly higher than 6-CONS (13.3 vs. 11.3 Mg ha −1 ) and both CONV rotations (11.0-11.2 Mg ha −1 ) at 7.5-15 cm depth. In 2005, the 5-CONS rotation was significantly higher than 6-CONS (13.9 vs. 12.2 Mg ha −1 ) and both CONV rotations (9.5-9.8 Mg ha −1 ) at 0-7.5 cm, whereas all four CONS rotations and the 1-CONT rotation were significantly higher than both CONV rotations (12.1-13.2 vs. 10.2-10.7 Mg ha −1 ) at 7.5-15 cm depth. These trends (CONS > CONV rotations) continued at both depths in 2008 and 2011 (Table 2 ). In 2011, there was no significant difference in organic C stocks among the four CONS rotations at 0-7.5 cm. However, at 7.5-15 cm, the 5-CONS rotation was significantly higher than the other CONS rotations (14.7 vs. 12.7-13.0 Mg ha
). Differences in SOC stocks due to rotation were confined to the surface layers (0-7.5 and 7.5-15 cm), with no significant effects at the deeper 15-30 cm layer ( Table 2 ). The 3-and 4-CONV rotations involved moldboard ploughing that inverted the surface layer to 22-25 cm depth. This introduced crop residue to 15-30 cm, so that differences between CONV and CONS rotations were less likely to occur at this depth. Nonetheless, there was a significant linear trend in SOC stocks with time at 15-30 cm depth on the 5-CONS rotation, increasing from 16.8 to 18.1 Mg ha −1 between 1999 and 2011 ( Table 2 ). The regression equation for the relationship was
which showed vertical SOC migration of 0.13 Mg ha
to this depth. In contrast, Li and Evanylo (2013) found that C did not accumulate in the soil profile below the surface soil zone of incorporation (<15 cm) after longterm or large single-dose application of poultry litteryard waste compost or biosolids. In 2002, the management contrast effect on SOC stocks was significant (CONS > CONV) at 0-7.5 and 7.5-15 cm depths and increased in magnitude with time (Table 2) . For example, SOC stocks were 15% higher under CONS vs. CONV management at 0-7.5 cm depth in 2002. This increased to 33% higher in 2005, 31% in 2008, and 42% in 2011 (12.5 vs. 8.8 Mg ha −1 ). Although Li et al. (2015) reported a similar increase (50%) in SOC at 0-7.5 cm depth on a subset of plots in 2011, the increase in POM-C, the most labile C fraction, was >3 times higher at 164%. At 7.5-15 cm depth, C stocks were 11% higher under CONS management in 2002, increasing to 22% higher in 2005, 28% in 2008, and 30% in 2011. As animal manure contains organic matter, an increase in SOC stocks is generally expected following its land application (Grandy et al. 2002) . However, there is great variability in the magnitude of SOC increases (Maillard and Angers 2014) with some studies showing an SOC decline after manure addition (Franzluebbers et al. 2001; Angers et al. 2010) . The behaviour of SOC stocks (0-30 cm depth) with time was highly dependent on rotation, with significant positive responses on the 4-and 5-CONS rotations, but a significant negative response on 3-CONV (Fig. 1a) . The slopes of the relationships showed that SOC increased by 0.48 (5-CONS) and 0.30 Mg ha −1 yr −1 (4-CONS). These increases were in line with average cumulative amounts of compost added over 12 yr on 5-CONS (154 Mg ha ). In contrast, SOC stocks on 3-CONV declined at a rate of 0.25 Mg ha −1 yr −1 . Expressing SOC changes in 2011 as a percent of initial C stocks (1999) resulted in 12% (5-CONS) and 9% (4-CONS) gains, or a 9% loss (3-CONV). Soil organic C did not significantly accrue on 6-and 3-CONS rotations (despite cumulative additions of 77-107 Mg ha −1 over 12 yr) nor decline on 1-CONT or 4-CONV rotations (Fig. 1a) . Whalen et al. (2008) reported that after 5 yr, compostamended plots (up to 15 Mg ha −1 , dry wt., annually) in Quebec gained 1.35-2.02 Mg C ha −1 yr −1 in the SOC pool, higher than those from our study, perhaps due to their ). Carter et al. (2003) reported an SOC loss of 4% at 0-20 cm depth in 2 yr rotations of potato-Italian ryegrass (Lolium multiflorum Lam.) over 11 yr in Prince Edward Island. Losses increased to 16% in a potato-barley rotation. Parton et al. (1996) indicated that C inputs >2 Mg ha −1 yr −1 are required to maintain SOC on arable crop rotations, and Wang et al. (2016) recently confirmed this critical value for global wheat cropping systems. Li et al. (2015) reported cumulative C inputs from crops (above-ground residue, roots, and cover crops) and compost for the duration of this 12 yr study. Annualizing these data gave C inputs ranging from 2.5 (4-CONV) to 4.7 Mg ha −1 yr −1 (5-CONS). Carbon inputs for the other rotations were 2.8 (3-CONV), 3.5 (1-CONT), 3.8 (3-and 6-CONS), and 3.9 Mg ha −1 yr −1 (4-CONS). Our results showed that 2.5 Mg C ha −1 yr −1 was insufficient to maintain SOC stocks on the 4-CONV rotation, indicative of an intensive 4 yr (row crop:cereal ratio, 3:1) irrigated rotation in the region, with no effort to enhance soil conservation. However, slightly higher annual inputs of 2.8 Mg C ha −1 yr −1 on 3-CONV (row crop:cereal ratio, 2:1) averted a significant decline in SOC between 1999 and 2011 (Fig. 1a) . The CONS rotations benefited from supplemental compost C (0.8-1.7 Mg ha −1 yr −1 ), which led to annual C inputs ∼2 times higher (3.8-4.7 Mg C ha −1 yr −1 ) than the critical value of 2 Mg C ha
Of the four CONS management practices, compost addition was likely the main driver of increased SOC stocks on the CONS rotations. Bolinder et al. (1999) reported an average sensitivity index of 1.82 for organic amendment compared with 1.26 for reduced tillage for a range of soil quality attributes in eastern Canada. Pritchett et al. (2011) showed a greater overall influence of organic amendments on selected soil quality properties (TC, POM-C, and enzyme activities) than cover crops or reduced tillage for organic vegetable production. However, the other CONS practices (reduced tillage, cover cropping, and narrow-row dry bean production), and the presence of 2 yr of timothy (specific to 6-CONS), also likely contributed to C accumulation on the CONS rotations. Using a global database of long-term experiments, West and Post (2002) reported C sequestration rates of 0.57 Mg ha −1 yr −1 (0-30 cm depth) following a change from conventional tillage to no-till. In the same study, enhanced rotation complexity (no monoculture or fallow, increased crop diversity) sequestered an average of 0.20 Mg C ha −1 yr −1 .
Cumulative (2000-2010) C applied in compost explained 32% of the variability (Fig. 2) in SOC (0-30 cm) at the end of the experiment (fall 2011). Many studies have estimated C retention coefficients from the slope of such relationships as outlined in a meta-analysis by Maillard and Angers (2014) . In our study, SOC increased by 0.49 Mg ha −1 for each 1 Mg ha −1 of added compost C, which suggests that 49% of compost C was retained as SOC at the end of the study. Li et al. (2015) reported that 28% of added compost C was retained at 0-7.5 cm depth at the end of the study (for a subset 28 plots planted to wheat or oat in 2011). Our higher value shows that up to 21% of retained C (49%-28% = 21%) occurred at 7.5-30 cm depth. Maillard and Angers (2014) estimated a global manure-C retention coefficient of 12% (0-30 cm) for an average study duration of 18 yr. Our value is much higher possibly due to (1) a shorter timeline (12 vs. 18 yr); (2) use of compost (with more stable C and hence greater retention than fresh manure); and (3) employment of other CONS practices, as mentioned previously, which could also contribute to increased C stocks.
Total nitrogen
Rotation effects on TN closely mirrored those of SOC with accrued stocks at 0-7.5 and 7.5-15 cm on CONS rotations (Table 3 ) and no effect at 15-30 cm depth (data not shown). As with SOC, the management contrast became more pronounced with time, with TN stocks on CONS increasing from 12% higher than CONV in 2002 to 31% higher in 2011 at 0-7.5 cm depth, and from 7% higher in 2002 to 25% higher in 2011 at 7.5-15 cm depth.
The 1-CONT and 5-CONS rotations showed significant quadratic relationships between TN stocks and time (Fig. 1b) . Total N stocks on 1-CONT started to decline after 4 yr, whereas those on 5-CONS were still increasing after 12 yr but at a slower rate than earlier in the study, e.g., 0.04 Mg ha ), about half that of 3-CONV. Total N changes in 2011, as a percent of initial N stocks (1999) for the rotations with significant relationships over time, were 1-CONT, −4%; 4-CONV, −5%; 3-CONV, −7%; 4-CONS, +7%; and 5-CONS, +13%. As with OC, lower cumulative additions of compost on 6-and 3-CONS (77-107 Mg ha −1 ) did not elicit significant TN changes over time. ). Cumulative (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) N applied in compost explained 29% of the variability in soil TN (Fig. 3a) at 0-30 cm depth at the end of the experiment (fall 2011). Total N increased by 0.52 Mg ha −1 for each 1 Mg ha −1 of added compost N, which suggests that 52% of compost N was retained over the course of the study. However, as with OC, the other CONS practices (reduced tillage, cover crops, and narrow-row dry bean production), and the presence of 2 yr of timothy on the 6-CONS rotation, may also have contributed to N accumulation on the CONS rotations, rendering the 52% retention value an overestimate. However, Olson et al. (2010b) used a decay series of 13% (proportion of compost organic N subsequently made available) in the year of application, with residual decay of 7% in year 2 and 4% in year 3. This gave a cumulative decay of 24% over 3 yr, leaving a balance of 76% retained. The difference between the Note: Within columns, means followed by different letters are significantly different from each other (LSD, P < 0.05). a Naming scheme for rotations is as follows: the integer refers to length of rotation (yr); CONT, continuous; CONV, conventional management; CONS, conservation management. retained values in each study (76%-52% = 24%) may have been slowly released >3 yr after application. (Table 4) . At the deeper depth (60-120 cm), the rotation effect was significant only at the end of the study in fall 2011, when the 3-CONS rotation had significantly higher In contrast to rotation, the previous crop effect on NO 3 -N was significant at all 10 depth × sampling time combinations measured ( (Table 4) . Significantly lower NO 3 -N following timothy and sugar beet was related to the deeper rooting patterns and hence NO 3 -N extraction by these crops. In additional, sugar beet harvest occurred later than potato and dry bean, whereas timothy actively grew until late fall, allowing extended NO 3 -N extraction. Nitrate-N in fall was generally significantly higher after potato or dry bean compared with other crops. This may be related to shallower rooting depth of these crops, although in the case of dry bean, it could be due to biological N fixation, even if dry bean is considered a poor N fixer (Bliss 1993; Farid and Navabi 2015) . Oat generally showed high NO 3 -N in fall, perhaps because plots were harvested early (July) and subsequently seeded to timothy (late August) which had a limited root system to draw down NO 3 -N by soil sampling time in fall. Hao et al. (2001) also found that NO 3 -N was significantly affected by previous crop in various sequences of sugar beet, legumes [dry bean or pea (Pisum sativum L.)], and soft wheat in southern Alberta.
There was a nonsignificant relationship between TN added in compost during the study and soil NO 3 -N at the end of the study (Fig. 3b) , showing that compost addition had no effect on NO 3 -N. This corroborates the lack of a rotation effect on NO 3 -N where CONS rotations (+ compost) were similar to CONV (− compost), and reiterates that profile NO 3 -N was controlled by the previous crop. Our findings suggest that N mineralized from compost was utilized by crops because there was no rotation effect on NO 3 -N at 0-120 cm depth at the end of the study. Given that, there was evidence of downward movement of NO 3 -N in the 3-CONS rotation at 60-120 cm depth (Table 4), suggesting that some NO 3 -N may have been lost to leaching below 120 cm depth.
Taking credit for N mineralized from compost additions, by reducing N fertilizer inputs to 33% on plots in which compost was applied prior to potato, helped to 
Available phosphorus
At 0-60 cm depth, the effect of rotation on AP was nonsignificant in 1999 (as expected because treatments were not in place) and in 2002 (Table 5) Taking credit for compost P, by reducing P fertilizer to zero for the potato crop following compost addition, did not avert the buildup of P on CONS rotations. Although N is stabilized during composting, finished composts generally show a high P availability, with >70% of TP in the available form (Zvomuya et al. 2006; Larney et al. 2008b; Gagnon et al. 2012) . Such high availability likely contributed to buildup of AP during the study, as P removal by crops lagged behind P inputs (compost P and fertilizer P). Initial AP on the study site was relatively high with an average concentration of 70 mg kg −1 (0-15 cm) for baseline samples in 1999 (data not shown), slightly more than the agronomic threshold of 60 mg kg −1 , above which Alberta crops generally do not respond to added P (Howard et al. 2006) . Over the course of the study, AP (0-15 cm) increased on the CONS rotations but remained relatively static on the CONV rotations (data not shown), e.g., by 2011, the management contrast was significantly Table 4 . Effect of rotation, soil management, and previous crop on shallow (0-60 cm, 1999, 2002, 2005, 2008, 2011), deep (60-120 cm, 2005, 2008, 2011), and profile (0-120 cm, 2005, 2008, 2011 ) NO 3 -N. 65  34  24  39  16  26  5  13b  51  44  29  3-CONV  46  39  38  51  44  34  45  28ab  72  96  72  3-CONS  53  36  40  63  63  32  35  44a  67  98  107  4-CONV  56  33  32  43  48  26  29  22b  58  72 Note: Within columns means followed by different letters are significantly different from each other (LSD, P < 0.05). P values in bold are significant.
a Naming scheme for rotations is as follows: the integer refers to length of rotation (yr); CONT, continuous; CONV, conventional management; CONS, conservation management. or 6.4 Mg ha −1 yr −1 ), showed significantly increased P (85 mg kg −1 ). This indicated that controlling soil P buildup on CONS rotations is challenging, despite relatively conservative compost application rates. Moreover, efforts were made to limit fertilizer P inputs, e.g., no fertilizer P on potato (after compost application) or wheat, discontinuance after 2002 on dry bean, and declining rates on sugar beet as the study progressed, as mentioned previously. Moulin et al. (2011) cautioned that compost inputs must be monitored to reduce potentially high water-soluble P at the soil surface even though they improved soil C and aggregate stability in dry bean-potato rotations in Manitoba. In New Brunswick, Rees et al. (2014) found that an application rate as low as 4 Mg ha −1 yr −1 of fresh poultry manure for 3 yr significantly increased soil P (but did not increase SOC). In the absence of organic amendments, Mohr et al. (2015) successfully maintained soil P below agronomic threshold for potato rotations which included wheat, canola (Brassica napus L.), and alfalfa (Medicago sativa L.) in Manitoba.
At 60-120 cm depth (Table 5 ), significant effects of rotation on AP were manifest only after 9 yr (fall 2008), when 5-CONS was significantly higher (33 kg ha −1 ) than all other rotations (14-22 kg ha −1 ), except 3-CONS (24 kg ha −1 ). This trend continued in 2011. However, the management contrast (CONV vs. CONS) was nonsignificant at this depth. Deep leaching of P to groundwater is generally considered less of an issue in southern Alberta due to the considerable capacity of calcareous subsoils to adsorb P. However, under irrigation, downward P movement has been documented, at higher cumulative rates of manure, rather than compost. Whalen and Chang (2001) found elevated AP to a depth of 1.5 m, although appreciable increases were only evident to 60 cm. Olson et al. (2010a) also found movement of P to >60 cm depth (at manure rates up to 120 Mg ha
) after 8 yr on a coarse-textured soil. For the profile depth to 120 cm, rotation had a significant effect on AP in 2005, 2008, and 2011 (Table 5) Cumulative (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) TP applied in compost explained 30% of the variability in AP (Fig. 4) at 0-60 cm depth at the end of the study (fall 2011). Available P increased by 28 kg ha −1 for every 100 kg ha −1 of added compost TP. Olson et al. (2010b) used a decay series of 60% (proportion of compost TP subsequently made available) in the year of application, with residual carryover Table 5 . Effect of rotation and soil management on shallow (0-60 cm, 1999, 2002, 2005, 2008, 2011), deep (60-120 cm, 2005, 2008, 2011), and profile (0-120 cm, 2005, 2008, 2011) 1-CONT  218  173  132cd  78f  92f  24  14b  20ab  156c  92e  112d  3-CONV  200  205  159bcd  163de  214de  26  22b  15b  185bc  184cd  236c  3-CONS  174  201  200ab  224bc  287bc  23  24ab  18b  222ab  248b  307b  4-CONV  192  193  148d  146ef  186e  27  15b  15b  176c  161de Note: Within columns means followed by the same letter are not significantly different from each other (LSD, P > 0.05). P values in bold are significant.
a Naming scheme for rotations is as follows: the integer refers to length of rotation (yr); CONT, continuous; CONV, conventional management; CONS, conservation management. of 15% in year 2 and 8% in year 3. They assumed that the residual effect was negligible after 3 yr. Over a long-term study such as this, decay series for added compost P overlap, and as such, the average value of the decay series, 28% [(60% + 15% + 8%) ∕3], was similar to the slope of the relationship in Fig. 4 .
Soil pH
At 0-7.5 cm depth, the effect of rotation on pH was nonsignificant in 2002 (Table 6 ). In 2005, both the 1-CONT (6.93) and 4-CONV (7.34) rotations had significantly lower pH than the 4-CONS rotation (7.58). This trend extended to 7.5-15 cm depth in which 1-CONT, 4-CONV, and 3-CONV (6.92-7.32) were significantly lower than 4-CONS (7.58). In 2008, the 4-and 5-CONS rotations had significantly higher pH (7.43-7.45) than 4-CONV (7.26) at 0-7.5 cm, which was in turn higher than 1-CONT (6.76). A similar trend occurred at 7.5-15 cm depth in 2008. By fall 2011, the 4-CONS rotation (7.77) was significantly higher than the 3-and 4-CONV rotations (7.49-7.53) that were in turn higher than 1-CONT (6.87), and again a similar trend was found at 7.5-15 cm.
The management contrast revealed that CONS management resulted in significantly higher pH in fall 2005 and 2011 at 0-7.5 cm and in fall 2005, 2008 , and 2011 at 7.5-15 cm depth. The increase ranged from 0.15 to 0.28 pH units. The effect of rotation on pH was nonsignificant at 15-30 cm depth at all four sampling times (data not shown). However, the management contrast revealed that a significant increase in pH due to CONS management (7.86 vs. 7.71) extended to 15-30 cm depth at the final sampling (fall 2011). The ability of livestock manure or compost to increase soil pH has been attributed to buffering from bicarbonate and organic acids in manure (Whalen et al. 2000) . Eghball (1999) reported that manure and compost contained significant amounts of CaCO 3 (added to diets of finishing cattle to meet Ca requirements) which caused a liming effect, especially when applied to low pH soils. Calcium carbonate was added to diets at the feedlot that supplied compost for this study.
The effect of previous crop on pH was nonsignificant for 10 of 12 depth × sampling time combinations (data not shown). The exceptions were both at 0-7.5 cm depth in which potato as the previous crop resulted in significantly higher pH than timothy, dry bean, and sugar beet (7.75 vs. 7.02-7.41) in 2002 and significantly higher pH than dry bean and wheat (7.74 vs. 7.50-7.57) in 2011. This is most likely related to four of five compost entry points occurring in the fall prior to potato, with residual effects influencing soil pH after potato 1 yr later.
Soil electrical conductivity
Only two of the 12 depth × sampling time combinations showed significant effects of rotation on EC (Table 6) ). However, the management contrast revealed a more distinct trend whereby CONS management led to significantly higher EC at 0-7.5 cm in 2005, 2008, and 2011 , and at 7.5-15 cm as the study evolved (2008 and 2011) . The largest differences occurred at the end of the study (2011) in which CONS > CONV by 0.19 dS m −1 at 0-7.5 cm and 0.14 dS m −1 at 7.5-15 cm.
As with pH, increased EC under CONS management is attributed to compost application. Supplemental sources of several minerals are normally added to cattle diets, including soluble salts, Ca, Mg, K, and Na (Combs et al. 2001) , and these are largely excreted. Furthermore, Larney et al. (2008a) reported that salts become more concentrated during composting due to significant dry matter losses. Previous locally conducted studies have shown increased EC with manure or compost application (Chang et al. 1991; Hao and Chang 2003; Miller et al. 2005) . Chang et al. (1991) advised against application of >30 Mg ha −1 yr −1 (fresh wt.) for nonirrigated, or >60 Mg ha −1 yr −1 for irrigated land, due to increased EC concerns. They reported linear increases in EC over time, which were not reversed by irrigation, suggesting difficulty in leaching soluble salts from the soil profile. This agrees with our findings in which there were no significant effects of rotation, management (CONV vs. CONS), or previous crop on EC at 15-30 cm (data not shown).
The effect of previous crop on EC was significant at 0-7.5 cm in 2002, 2005, and 2008 (Table 6) Soil salinity, and hence EC, is strongly linked to water table depth and water movement in the soil profile (Sommerfeldt et al. 1988) . When subsoil moisture containing salts moves upward and evaporates, salts are precipitated at or near the soil surface. Irrigation maintains capillary continuity to the soil surface, and hence, EC is influenced by irrigation amounts and timing. In our study, the timing of the final irrigation of the growing season was dictated by crop and water demand. In , 2005 In , and 2008 , sugar beet, potato, and timothy received final irrigations (up to 102 mm) from 21 Aug. to 4 Sept., on average 15 d later than dry bean and wheat (9-14 Aug.). Kaffka and Hembree (2004) outlined transient salinity differences at the soil surface as a result of irrigation for sugar beet, showing that salinity levels changed with time after irrigation and as soil moisture varied. Later irrigations allowed more dynamic soil Table 6 . Effect of rotation and soil management on soil pH, and the effect of rotation, soil management, and previous crop on electrical conductivity at 0-7.5 and 7. 5-15 cm depths, in 2002, 2005, 2008, and 2011 Note: Within columns, means followed by the same letter are not significantly different from each other (LSD, P > 0.05). P values in bold are significant.
a Naming scheme for rotations is as follows: the integer refers to length of rotation (yr); CONT, continuous; CONV, conventional management; CONS, conservation management. moisture conditions under sugar beet, and to a lesser extent potato, which increased EC for these crops.
Actively growing plants, especially those with deeper rooting systems, such as sugar beet, also impact surface soil salinity. As roots extract water from the soil, more water, carrying salts in solution, moves up to the root zone to replace that extracted (Sommerfeldt et al. 1988 ). As such the harvest date of the previous crop in relation to soil sampling can influence surface EC. In 2002 , 2005 , and 2008 d elapsed between sugar beet harvest and soil sampling, compared with 14-54 d between wheat harvest and soil sampling. Sugar beet grew later into fall, allowing continued upward movement of salts, which deposited and crystallized on the soil surface and were captured by our shallow sampling (0-7.5 cm). A deeper sampling increment (e.g., 0-15 cm) may not have captured previous crop effects on soil EC as the salts close to the surface would be diluted with less saline underlying soil (7.5-15 cm, Table 6 ).
Summary and Conclusions
Our CONS management practices were soil building with regard to SOC and TN, while CONV management was soil degrading for these parameters. Total N was a more sensitive indicator of soil change than SOC, with five of seven rotations showing significant TN changes over time, compared with three of seven for SOC. The risk of NO 3 -N buildup and potential leaching to groundwater was not an issue, with no obvious accumulation of NO 3 -N in the soil profile due to rotation or CONS management. Nitrate-N was more heavily influenced by previous crop than rotation or management.
In contrast, AP in the root zone was unaffected by previous crop and controlled by rotation and management, with compost additions under CONS management leading to surface buildup, as well as downward movement to deeper profile depths (30-60 cm depth) as the study progressed. Phosphorus management entails balancing P inputs with crop removal, to minimize accumulation of soil P and decrease potential transfer to adjacent surface water bodies or groundwater. A better understanding of the forms and availability of compost P may have helped tailor more efficient and environmentally safe recommendations for application in this study. For AP, therefore, CONS management would be deemed soil degrading. Changes to soil pH and EC, although statistically significant, were likely of limited practical significance and could not be categorized as either soil building or soil degrading.
Monitoring of soil properties during long-term soil management experiments provides information on changes leading to the greatest crop yield coupled with the fewest environmental impacts. The CONS management practices conferred advantages to dry bean yield , potato yield, and disease incidence, notably a reduction in potato early dying (Larney et al. 2016b ), sugar beet yield (Larney et al. 2016a ), residue cover (Larney et al. 2017) , and weed pressure . Therefore, apart from a caveat regarding potential P loading, the CONS management package in this study could be validated as soil building with concomitant benefits to crop performance.
